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Dynamis of the inhomogeneous Dike model
Oleksandr Tsyplyatyev and Daniel Loss
Department of Physis, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
(Dated: Otober 27, 2018)
We study the time dynamis of a single boson oupled to a bath of two-level systems (spins
1/2) with dierent exitation energies, desribed by an inhomogeneous Dike model. Analyzing
the time-dependent Shrödinger equation exatly we nd that at resonane the boson deays in
time to an osillatory state with a nite amplitude haraterized by a single Rabi frequeny if
the inhomogeneity is below a ertain threshold. In the limit of small inhomogeneity, the deay is
suppressed and exhibits a omplex (mainly Gaussian-like) behavior, whereas the deay is omplete
and of exponential form in the opposite limit. For intermediate inhomogeneity, the boson deay is
partial and governed by a ombination of exponential and power laws.
PACS numbers: 42.50.-p,71.35.Lk,06.20.-f,03.67.-a
I. INTRODUCTION
Coherent interation between light and matter [1℄ on-
tinues to reeive strong interest due to signiant exper-
imental progress in various areas of physis. Prime ex-
amples are the ahievement of Bose-Einstein ondensa-
tion of old-atom gases in eletromagneti traps [2℄ whih
made possible the oherent oupling of 105 atoms to a
single photon of an optial resonator [3, 4℄. The time
dynamis of quantum optial systems has reeived par-
tiular attention [5, 6℄ due to fast optial probing teh-
niques, espeially in the ontext of quantum metrology
based on avity-QED systems ontaining atomi ensem-
bles [7, 8℄. Advanes in solid-state tehnology enabled
the fabriation of optial miroavities in semiondu-
tors where eletron-hole exitations in quantum wells are
strongly oupled to a photon eigenmode of the avity
[9, 10℄. Strong oupling of a transmission-line resonator
to a Cooper-pair box [11℄ as well as oupling of a av-
ity to a single semiondutor quantum dot have been
demonstrated[12, 13℄. Several shemes for quantum om-
puting based on light-matter interation have been pro-
posed [14, 15, 16, 17, 18℄.
The theoretial understanding of all these oupled
light-matter systems is based on a model introdued long
ago by Dike [19℄, whih desribes N two-level systems
('spin bath') with exitation energies ǫj oupled to a sin-
gle boson mode ω of the quantized light-eld, see Eq. (1)
below. For the speial ase of idential atoms (ǫj = ǫ)
and onstant ouplings onstant gj between boson and
spin bath this model has been diagonalized [20℄, and the
time dynamis obtained exatly [21℄. For inhomogeneous
gj (but still onstant ǫj) the boson was shown to osil-
late with a single Rabi frequeny Ω =
√
N 〈g2〉, where√
〈g2〉 is an eetive spin oupling. Also perturbative
[22℄ and numerial [23℄ approahes to the time dynamis
were onsidered.
In this paper we solve the quantum time-dynamis of
a single boson mode oupled to a bath of non-idential
spins 1/2 haraterized by inhomogeneous energy ('Zee-
man') splittings ǫj with bandwidth∆. In ondensed mat-
ter systems suh energy inhomogeneities are generally ex-
peted, a typial example being the exiton-polariton sys-
tem where suh inhomogeneities arise from the unavoid-
able disorder in a semiondutor [24℄. In quantum optial
systems atomi levels are usually quite perfet (ǫj ≡ ǫ);
however, for example, in old-atom QED systems suh
inhomogeneities an play a role as a trap indues spatial
variation of the magneti eld [25℄.
Analyzing the time-dependent Shrödinger equation
exatly we nd that the bosoni oupation number de-
ays only partially if the inhomogeneity ∆ is below a
threshold given by a single Rabi frequeny Ω. Below the
threshold the boson deays to an osillatory state deter-
mined by Ω and a redued amplitude whih dereases
with inreasing ratio ∆/Ω. The time deay is exponen-
tial for large spin-bath inhomogeneity∆≫ Ω, is omplex
(mainly Gaussian-like) in the opposite limit ∆≪ Ω and
is a ombination of exponential and power law behavior
in the intermediate regime ∆ ≃ Ω. These results are
valid if the boson energy is tuned in resonane with the
average spin exitation energy 〈ǫ〉−ω = 0. With inreas-
ing detuning |〈ǫ〉 − ω| ≫ max {Ω,∆} the time dynamis
of the boson beomes suppressed.
The paper is organized as follows. In Setion II we ana-
lyze the time-dependent Shrödinger equation and derive
the exat solution in the Laplae domain. In Setion III
we onsider retangular and Gaussian distribution fun-
tions of ǫj in resonane with the boson mode, 〈ǫ〉 = ω,
to obtain the time evolution of the wave funtions. Se-
tion IV ontains the analysis and disussion of a nite
detuning, 〈ǫ〉 6= ω. In the appendies we give details of
the alulations in Setions III and IV.
II. THE INHOMOGENEOUS DICKE MODEL
The Hamiltonian for the Dike model governing the
dynamis of a single boson mode oupled to N two-level
systems is given by
H = ωb†b+
N∑
j=1
ǫjS
z
j +
N∑
j=1
gj
(
S+j b+ S
−
j b
†) , (1)
2where Sαj are spin-1/2 operators, S
±
j = S
x
j ± iSyj , and
b
(
b†
)
the standard Bose annihilation (reation) operator
[27℄. The total number of exitations, L = n +
∑
j S
z
j ,
is onserved in the Dike model, where n = b†b is the
bosoni oupation number. The eigenvalues c of L are
the so-alled ooperation numbers, given by c = 〈L〉,
where 〈...〉 denotes the expetation value.
In the following we assume that the spin bath an be
prepared in its ground state with all spins down, e.g.
either dynamially or by thermal ooling [28℄. Also, the
mode ω is assumed to be empty or oupied by one boson
only. The non-equilibrium dynamis of a single boson ex-
itation an then be initiated by a short radiation pulse
from an external soure. The dissipation of the boson
mode, e.g. through leakage of photons through the mir-
rors that dene an optial avity, an be used to detet
the dynamis if the avity esape time exeeds the inter-
nal time sales of the system dynamis. In a multi-shot
experiment [5, 6℄ the probability of deteting a leaking
photon at a given time is proportional to the boson ex-
petation value. Next, we note that if initially the system
has only one exitation, either in the spin or in the boson
subsystem, the subsequent time evolution is restrited to
this subspae and desribed by the general state
|Ψ(t)〉 = α (t) |⇓, 1〉+
N∑
j=1
βj (t) |⇓↑j, 0〉 (2)
with c = −N/2+1, and where α (t) and βj (t) are normal-
ized amplitudes, |α (t)|2 +∑j |βj |2 = 1, of nding either
a state with one boson and no spin exitations present or
a state with no boson and the jth-spin exited (ipped)
[29℄.
The time evolution within this subspae is determined
by the interation term in Eq. (1) that transfers bak
and forth the exitations between the spin bath and
the boson. Inserting |Ψ(t)〉 into the time-dependent
Shrödinger equation we obtain
− idα (t)
dt
= −
∑
j
(ǫj − ω)
2
α (t) +
∑
j
gjβj (t) , (3)
−idβk (t)
dt
=
∑
j
(ǫj − ω)
(
δjk − 1
2
)
βk (t) + gkα (t) .
In above derivation we have subtrated the integral of
motion ωL from the Hamiltonian Eq. (1) as it leads only
to an overall phase of |Ψ〉 with no observable eet. The
initial onditions α (0) = 1, βj (0) = 0 assumed in the
following orrespond to a singly oupied boson mode.
The physial observable of interest is the time-dependent
expetation value of the boson oupation number, whih
an be expressed in terms of the amplitude α as 〈n (t)〉 =
〈Ψ(t)|n |Ψ(t)〉 = |α (t) |2.
The set of equations, Eq. (3), is equivalent to the one
obtained in the Weisskopf-Wigner theory in the study
of bosoni systems [26℄ in ontrast of spins 1/2 on-
sidered here. We solve Eq. (3) by making use of the
Laplae transform, α (s) =
∞
0 dtα (t) e
−st
, ℜs > 0. In
the Laplae domain we obtain then a system of linear
algebrai equations. By solving them we nd
α (s) =
i
is+
N〈ω−ǫj〉
2 −
〈
g2
j
N
is+〈ω−ǫj〉N/2−ω+ǫj
〉 , (4)
where 〈. . . 〉 = (∑j . . . )/N . The sum over j depends
on the partiular form of the inhomogeneities of ǫj and
gj. To be spei, we onsider the following limiting
ases when ǫj varies on a muh longer or shorter length
sale than gj , whih also inludes the ase with either ǫj
or gj being onstant. In this ase and for large N the
sum an be substituted by an integral, (
∑
j . . . )/N →

dǫdg P (ǫ)Q (g), where P (ǫ) and Q (g) are indepen-
dent normalized distribution funtions of the exitation
energies and oupling onstants, respetively. The inte-
gral over g in Eq. (4) separates and gives an eetive
oupling
√
〈g2〉 [31℄. Further, we assume that the boson
mode ω is tuned in resonane with the spin bath, i.e.
ω − 〈ǫ〉 = 0.
III. INVERSE LAPLACE TRANSFORM
The inverse Laplae transform of Eq. (4) depends on
the partiular form of P (ǫ) that determines the ana-
lyti struture of α (s). We will analyze several ases
below. If the spin bath is homogeneous then P (ǫ) =
δ (ǫ− ω), and α (s) has two poles on the imaginary axis
at s = ±i
√
N 〈g2〉, with the assoiated residues 1/2. In
the time domain these poles give α (t) = cos(Ωt), where
Ω =
√
N 〈g2〉 is the olletive Rabi frequeny due to all
N spins. This agrees with the result obtained from exat
diagonalization [21℄.
Next, we onsider an inhomogeneous spin bath with ex-
itation energies spread over a band of width∆, for whih
we have P (ǫ) = θ (−ǫ+ ω +∆/2) θ (ǫ− ω +∆/2) /∆,
where θ (x) is the step funtion. This ase is realized
e.g. for ǫj = j∆/N , −N/2 ≤ j ≤ N/2, i.e. spins in a
magneti eld with onstant gradient. The integral over
ǫ in Eq. (4) gives
α (s) =
i
is+ N〈g
2〉
∆ ln
(
is−∆/2
is+∆/2
) . (5)
Note that the inverse Laplae transform of Eq. (4) is
in priniple a quasi-periodi funtion of t. Therefore, Eq.
(5) is orret up to the Poinare reurrene time tp whih
we an estimate as follows. We evaluate the disrete sum
over ǫj exatly, expand it in 1/N , and estimate the time
at whih orretions to the logarithmi term in Eq. (5)
(due to disretness of the sum) beome important to be
tp = N/∆. Thus, the following time behavior is valid
for times less than tp = N/∆. For small N it is more
onvenient to nd the few poles of Eq. (4) diretly and
analyze α(t) numerially as a sum of few harmoni modes
rather than to use Eq. (5).
3We disuss now the analyti struture of α (s) in Eq.
(5). There are two branh points at s = ±i∆/2 due to
the logarithm. We hoose the branh ut as a straight
line between these two points. In addition, there are two
poles at s = ±is0 given by the zeroes of the denominator
where s0 is a real and positive solution of
exp
(
− s0∆
N 〈g2〉
)
=
s0 −∆/2
s0 +∆/2
. (6)
In the time domain, the amplitude α has two ontribu-
tions, α = αp + αc. One is given by the poles,
αp (t) =
2
1 +N 〈g2〉 / (s20 −∆2/4)
cos (s0t) . (7)
This ontribution desribes a residual osillation at long
times with amplitude that is redued from the initial
value α (0) = 1. The other one is given by the integral
enlosing the branh ut,
αc (t) =
 1
0
dy
(4N
〈
g2
〉
/∆2) cos (y∆t/2)(
y − 2N〈g2〉∆2 ln
(
1+y
1−y
))2
+
(
2πN〈g2〉
∆2
)2 .
(8)
This ontribution desribes the deay that ours due to
destrutive interferene of many modes forming a ontin-
uous spetrum (for large N).
The integral in Eq. (8) an be approximated quite
aurately for t≫ 2/∆. Due to the fast osillating osine
the main ontribution to the integral omes from y .
2/∆t ≪ 1. Expansion of the logarithm in Eq. (8) for
small y permits us to evaluate the integral in terms of the
Integral Sine and Cosine. An expansion of these speial
funtions for ∆t/2≫ 1 gives
αc (t) =
∆2
N 〈g2〉
(
Ae−A∆t/2
2π
+
A2 sin (∆t/2)
π2 (1 +A2)∆t/2
)
, (9)
where A = π/2/
∣∣1−∆2/4N 〈g2〉∣∣. Note that for vanish-
ing oupling g, αp (t) vanishes and αc (t) tends to one.
Further, the integrand in Eq. (8) an be expanded for
∆2/N
〈
g2
〉
for ∆2 ≪ N 〈g2〉. The leading term is lin-
ear in ∆2/N
〈
g2
〉
and the remaing integral in the pref-
ator is a ompliated deaying funtion of t whih we
approximate qualitatively. First, we perform a hange
of variable - y = tanh(x) turning the denominator into
1/f = exp (− log (f)), where we expand log (f) up to x2
and linearize the argument of the osine in x for x ≪ 1.
Finally, as a result of the Gaussian integral over x we
obtain a Gaussian deay law,
αc (t) =
∆2
2πN 〈g2〉
√
π
π2 + 4
exp
(
− π
2∆2t2
4(π2 + 4)
)
. (10)
This approximation agrees reasonably well with Eq. (8)
when evaluated numerially for t < 6/∆ but breaks down
for t > 6/∆ where Eq. (9) is valid, see Fig. 1.
The time-dynamis of 〈n (t)〉 = |α (t) |2 an be las-
sied in terms of the ratio Ω/∆, with Rabi frequeny
Figure 1: Time evolution of the boson 〈n(t)〉 = |α(t)|2 ob-
tained from numerial evaluation of Eqs. (7, 8) - full lines.
Period of osillation is T = 2π/s0 and grey bars are |αp(0)|
2
.
Main plot: ∆/Ω = 2.2; dashed line: |αp(t) + αc(t)|
2
from
Eqs. (7, 9), s0 = 0.57∆, and |αp(0)|
2 = 0.26. Inset:
∆/Ω = 0.2; dashed line: |αp(0) ± αc(t)|
2
from Eqs. (7, 10)
(valid for ∆t/2 < 3) and from Eq. (9) (valid for ∆t/2 > 3).
The deay of |α(t)|2 is small, (|αp(0)|
2 = 1 − ∆2/6Ω2), and
the main ontribution omes from αp.
Ω =
√
N 〈g2〉. If the inhomogeneity of the spin bath
is small, ∆ ≪ Ω, the boson osillates with a single fre-
queny like in the homogeneous ase. The main on-
tribution to α (t) omes from the poles Eq. (7) with
s0 = Ω+∆
2/24Ω, whih is shifted with respet to the ho-
mogeneous system. The amplitude of α (t) is only slightly
redued from its initial value, 1 − ∆2/12Ω2. The deay
law to this value is mainly Gaussian-like, Eq. (10), with
the deay time t1 ≈ 2.4/∆, see Fig. 1. If the spin bath
is strongly inhomogeneous, ∆ ≫ Ω, the boson mode de-
ays ompletely from α (0) = 1 to 0. The main ontri-
bution to α (t) omes from the branh ut, Eq. (9), with
A ≈ 2πΩ2/∆2, whereas the pole ontribution is exponen-
tially small. The deay behavior is mainly exponential
with timesale t2 ≈ ∆/πΩ2. At long times t ≫ t2 the
seond term in Eq. (9) beomes dominant, exhibiting a
slow power-law deay.
In the intermediate regime, ∆ ≃ Ω, the time deay is
only partial, with the amplitude of the residual osillation
of α (t) being less than unity but staying onstant in time.
Its preise value an be found from the numerial solution
of Eqs. (6,7). The deay displayed in Eq. (9) is governed
by a ombination of exponential and power law behavior.
As A ≃ 1 and s0 ≃ Ω ≃ ∆ there is no lear separation
of time sales oming from the exponential, the inverse
power law and the osillatory ontribution, see Fig. 1.
Note that in ase of ∆ = 2Ω the rst term in Eq. (9)
vanishes, thus the deay in this partiular ase is purely
power law. The non-standard dynamis, in partiular
4the non-exponetial deay in the intermediate regime, is a
manifestation of the quantum nature of the system. For
other models with non-Markovian deay see e.g. [30, 32℄.
For a Gaussian distribution P (ǫ) =
exp(− (ǫ− ω)2 /∆2)/√π∆ the dynamis we nd is
qualitatively the same as the one obtained before for the
retangular distribution, see Appendix A. The ǫ-integral
in Eq. (4) leads to the omplex error funtion of s.
In Laplae spae, α (s) exhibits one branh ut along
the imaginary axis that vanishes at ±i∞. In the time
domain, α (t) is given by an integral around this branh
ut. In the limit of ∆ ≪ Ω we reover the previous
result for the homogeneous spin bath. In the opposite
limit of strong inhomogeneity, ∆ ≫ Ω, we obtain the
same result as in Eq. (9) up to numerial prefators
√
π.
The physial interpretation of the deay is as follows.
The boson ips, say, spin j, and then this spin preesses
for some time with a frequeny ǫj before this exitation
gets transfered bak to the boson. The aquired phase
of the boson is thus dierent for eah partiular spin.
The sum over these random phases eventually leads to
destrutive interferene (for N ≫ 1) and thus to a deay.
IV. FINITE DETUNING
Next, we analyze the eet of nite detuning. If the
spin bath is homogeneous, a small detuning |ω − ǫ| ≪
Ω fores α (t) to osillate with two distint frequenies
(N − 1) (ω − ǫ) /2±
√
(ǫ− ω)2 +Ω/2 instead of only one
Ω. A large detuning |ω − ǫ| ≫ Ω suppreses the dynamis
of α (t). The phase of the wave funtion osillates with
frequeny N (ω − ǫ) /2 but the amplitude stays onstant
at the initial value of α (0) = 1 up to a small orretion
of the order of Ω2/ (ω − ǫ)2.
In the inhomogeneous ase we perform a similar al-
ulation as for zero-detuning and obtain α (s) with an
analyti struture similar to Eq. (5), see Appendix B.
There are two poles on the imaginary axis and a branh
ut that is responsible for the relaxation. Expliit ex-
pressions for αp (t) and αc (t) an be obtained and are
generalizations of Eqs. (7,8), see Eq. (B1). For small
detuning |〈ǫ〉 − ω| ≪ Ω two poles emerge that are not
omplex onjugates of eah other and thus lead to two
distint frequenies of the residual osillations of α (t).
Large detuning |〈ǫ〉 − ω| ≫ max{∆,Ω} suppresses the
relaxation and any long-time dynamis. The main on-
tribution to α (t) omes from one of the poles with residue
1 − Ω2/ (ω − 〈ǫ〉)2. Thus, the initial value α (0) = 1 re-
mains almost unaltered under evolution independent of
the ratio Ω/∆.
The dynamis at large detuning an also be analyzed
using perturbation theory. Applying a Shrieer-Wol
transformation to the Dike Hamiltonian the boson-spin
oupling an be removed to lowest order in g and thereby
an eetive XY spin-oupling within the spin bath is ob-
tained [18℄. As a result, the boson number n and the
z-omponent of the total spin
∑
j S
z
j are onserved sep-
arately by this eetive Hamiltonian. Thus, again, the
initially exited boson mode will remain unaltered under
the evolution in leading order of the perturbation. How-
ever, there is a virtual boson proess whih indues the
dynamis within the spin bath.
V. CONCLUSIONS
In onlusion, we analyzed the dynamis of a single bo-
son mode oupled to an inhomogeneous spin bath exatly,
and found a omplex deay behavior of the boson. While
we foused in this work on partiular inhomogeneities of
the spin bath exitation energies, it is straightforward to
apply the approah presented here to other ases.
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Appendix A: GAUSSIAN DISTRIBUTION OF
THE SPINS' SPLITTING ENERGIES
Here we derive the time dynamis resulting from
the Gaussian distribution funtion of ǫ, P (ǫ) =
1√
π∆
e−(ǫ−ω)
2/∆2
. Performing the integral over ǫ in Eq.
(4) we obtain
α(s) =
1
s+
√
πN〈g2〉
∆ ̟
(
ı s∆
) , (A1)
where ̟ (z) is dened in the upper and lower omplex
half-planes separately as
̟ (z) =
{
w (z) , Im z ≥ 0
−w (−z) , Im z < 0 (A2)
and where w (z) = e−z
2
erf (−ız) is the error funtion.
The funtion ̟ (z) has a branh ut along the real axis,
limδ→0̟ (±ıδ) = ±1, whih vanishes at innity,
lim
x→±∞
lim
δ→0
̟ (x± ıδ) = lim
x→±∞
e−x
2
(±1 + erf (ıx)) = 0.
(A3)
The inverse Laplae transform is given by an integral
around the entire imaginary axis
5α (t) = − N
〈
g2
〉
2
√
π∆2
 ∞
−∞
dy
e−ıyt/2∆e−4y
2(
ıy −
√
πN〈g2〉
2∆2 w (2y)
)2
+
√
πN〈g2〉e−4y2
∆2
(
ıy −
√
πN〈g2〉
2∆2 w (2y)
) (A4)
where the substitutions s = ı2∆y and ω (−z) = 2e−z2 −
ω (z) were used.
For ∆ ≪
√
N 〈g2〉 Eq. (A1) an be expanded in the
small parameter ∆. The leading term has an analytial
struture similar to Eq. (5). There are two symmetri
poles on the imaginary axis and a nite length branh
ut between s = ±ı2∆. The ontribution from the poles
is
αp (t) =
2 cos (s0t)
1−N 〈g2〉 /s20
. (A5)
Using the large z asymptotis of the error funtion
erf (z) = e
−z2√
πz
(
1− 12z2
)
, the two poles are given by
s0 = ±ı
√
N 〈g2〉. The residues at this poles are
Res
s=s0
α(s)est =
es0t
2
. (A6)
Thus, the ontribution from the poles is dominant. In
this limit we reover the non-interating ase, a single
Rabi osillation,
α (t) = cos
(√
N 〈g2〉t
)
. (A7)
In the opposite regime ∆ ≫
√
N 〈g2〉 there are no
poles and there is just a single branh ut. The long
time asymptotis an be evaluated by expanding the de-
nominator for small y and approximating e−4y
2 ≈ 1 in
the numerator,
αc (t) =
N
〈
g2
〉
√
π∆2
 1
0
dy
cos (yt/2γ)
y2 +
(√
πN〈g2〉
2∆2
)2 . (A8)
This integral, up to a numerial fator, is the same as in
Eq. (8) in this limit.
Appendix B: CALCULATION FOR 〈ǫ〉 6= ω
Here we assume that the detuning is nite γ = 〈ǫ〉−ω 6=
0. We repeat the same steps as before and similarly to
the zero detuning ase we obtain in the Laplae domain
α (s) =
ı
ıs+ Nγ2 +
N〈g2〉
∆ ln
(
ıs+(N−2)γ/2−∆/2
ıs+(N−2)γ/2+∆/2
) . (B1)
This funtion is haraterized by two poles and one
branh ut.
The two poles are given by zeroes of the denominator
s = ı (Nγ/2 + s1,2) where s1,2 are the solutions of
exp
(
− s∆
N 〈g2〉
)
=
s− γ −∆/2
s− γ +∆/2 . (B2)
This equation is not symmetri with respet to s→ −s,
thus the two poles are not symmetri. The residues of
the poles are given by
Res
s
αse
st =
1
1 + N〈g
2〉
(s1,2−γ)2−∆2/4
est. (B3)
Performing the inverse Laplae transformation we obtain
similarly to Eq. (6)
αp (t) =
∑
k=1,2
eıNγt/2+ıskt
1 + N〈g
2〉
(sk−γ)2−∆2/4
. (B4)
The branh points are s = ı (Nγ/2±∆/2). Similarly
to the ase of zero detuning the ontribution from the
branh ut is given by the integral
αc (t) =
2N
〈
g2
〉
eı((N−2)γ+∆)t/2
∆2
 1
−1
dy
eıy∆t/2(
y − 2γ∆ − 2N〈g
2〉
∆2 ln
(
1+y
1−y
))2
+
(
2πN〈g2〉
∆2
)2 . (B5)
At small detuning |ω − 〈ǫ〉| ≪ max (∆/2, N 〈g2〉)
there are two distint frequenies in Eq. (B4), thus
the nal state osillates with two frequenies. For a
large detuning |ω − 〈ǫ〉| ≫ max (∆/2, N 〈g2〉) the relax-
ation is suppressed. In the limit of strong detuning the
roots of Eq. (B2) are given by s1 = −2N
〈
g2
〉
/γ and
6s2 = γ − ∆/2. The residue at s2 is exponentially small
and the ontribution from the poles is given only by the
pole s1
αp (t) =
e−ı2N〈g2〉t/∆+ıNγt/2
1 + N〈g
2〉
(2N〈g2〉/γ+γ)2−∆2/4
≈ eıNγt/2. (B6)
In this result the amplitude of α (t) remains onstant
in time. From the initial ondition αp (0) + αc (0) = 1
the ontribution from the branh ut is negligible, and
therefore there is no deay for suiently strong detun-
ing. The orretions to this result are small and of the
order of max
(
∆/2, N
〈
g2
〉)
/ |ω − 〈ǫ〉|.
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